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Abstract: Voltage sensitive dyes (VSDs) are voltage reporters which are used to measure
electrical activity in cells [1]. Tethered VSDs are a new class of VSD which consist of a flu-
orophore and quencher component attached via hydrocarbon chain that is approximately the
same length of a cell membrane. These dyes demonstrate potential to overcome the issues of
poor fluorescence change in response to a changing electrical potential (low sensitivity) and
insufficient speed that current VSDs exhibit while measuring electrical activity of a cellular
membrane[1]. While tethered dyes have been able to demonstrate high levels of sensitivity in
an in-vitro system [1], further optimization of fluorophore-quencher combinations will allow for
the measurement of electrical activity in the near-IR (NIR) region with enhanced sensitivity,
resulting in high quality recordings with significantly less equipment and labor required. Three
different fluorescent molecules have been identified as possible tethered VSD components, these
being a modified Fluorescein based molecule, a DiSBAC(5) [Bis-(1,3-dibutylthiobarbituric acid)
pentamethine oxonol] molecule, and a modified Cy-5 molecule. In-vitro measurements of an
induced changing electrical field have resulted in sensitivity measurements of up to 11%/100
mV fluorescence change for a DiSBAC(5) molecule in a two-component system with a previ-
ously synthesized di-4-ANEPPS molecule. Modifications to structure, fluorophore/quencher
combinations, as well as tethering the previously mentioned molecules are likely to strengthen
these sensitivity measurements further making their use for an in-vivo system more feasible.
1 Introduction
Membrane electrical activity provides insight on
cell health and signal propagation in all excitable
cells[2]. The traditional method of measuring
electrical activity within a cell is through the
use of electrodes which can give an accurate and
fast measurement of a changing electrical poten-
tial. One drawback of this method is that the
electrodes can only be used on a single cell or
a very small grouping of cells[1]. Voltage sen-
sitive dyes (VSDs) are another method of mea-
suring electrical activity within a cell and have
the benefit of being able to provide high res-
olution images over a larger area. Currently,
voltage sensitive dyes are limited in their sen-
sitivity to changes in voltage which results in
noise from the experiment distorting the fluores-
cence signal detected (poor signal-noise ratio)[1],
or they do not have adequate speed to measure
a very rapidly changing electrical gradient. An-
other problem associated with VSDs currently is
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that their emission spectra are often at shorter
wavelengths which does not allow for a lot of tis-
sue penetration during in-vivo recordings. The
development of a tethered, near-infrared (NIR)
quencher-fluorophore voltage sensitive dye could
avoid the problem of low sensitivity while keep-
ing pharmacological effects at a minimum[1].
The synthesis of a highly sensitive and efficient
NIR tethered voltage sensitive dye will greatly
expand the scope of applications for voltage sen-
sitive dyes (VSDs). The quencher-fluorophore
combination works through the means of Förster
resonance energy transfer (FRET), in which the
emission spectrum of the fluorophore matches
the excitation spectrum of the quencher , result-
ing in the quenching of fluorescence when the two
are near each other, and emission of fluorescence
when the two are distant. Both positions of the
dye can be seen in Figure 1.
Figure 1: Position of quencher and fluorophore
moieties in response to change of membrane
potential. The fluorophore is anchored to the
extracellular membrane and the quencher is
membrane permeable. In its resting state, the
fluorophore and quencher are in close proximity
resulting in minimal fluorescence. Upon cell
excitation the quencher is brought across the
membrane increasing overall fluorescence[1]
The distance between the quencher and fluo-
rophore can be controlled based on an applied
voltage and the length and composition of the
tether[1].
Electrochromic VSDs are dyes which func-
tion based on a fast charge-shift mechanism that
occurs when the dye molecule is excited from its
ground state [3]. These VSDs offer high speed
but a relatively low change in fluorescence upon
excitation; non-tethered two-component VSDs
exhibit higher sensitivity when high concentra-
tion of mobile quenchers is used, but this has
toxic side effects to cell physiology. The sig-
nificant difference in sensitivity as well as their
effect on the current between the three primary
types of voltage sensitive dyes can be seen in
Figure 2 below. At the current time, application
of the tethered VSDs is hampered by low flu-
orescence quantum yields that result in a poor
signal-noise ratio[1]. Upon improvement of the
quencher-fluorophore combination, a tethered
two-component VSD should be able to strike
a balance between speed and sensitivity which
allow it to be used for a broad spectrum of ap-
plications. These applications include but are
not limited to cell-based drug screening assays
for drugs that affect ion channels and trans-
membrane transporters, monitoring electrical
activity in neurons and cardiac cells[2], and po-
tentially even a diagnostic tool in later stages of
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their development. An optimized tethered two-
component VSD could greatly enhance the field
of fluorescence-based imaging which has become
an integral part of cellular research.
Figure 2: (A) A comparison of the voltage sensitivities of electrochromic mechanisms (green),
two-component system (black) and a tethered system (red). (B) VSD effect on current across
synthetic bilayer in response to applied voltage steps. [1]
In this research, four different fluo-
rophore/quencher moieties have been identified
and synthesized if not commercially available
(Figure 3). Di-4-ANEPPS is a well known
voltage sensitive dye that operates using an
electrochromic mechanism. In previous re-
search, di-4-ANEPPS has been shown to ex-
hibit a sensitivity of 10%/100 mV [4], that
in conjunction with its relatively long wave-
length emission spectrum maximum at 620
nm makes it an ideal candidate for use in a
near-IR tethered voltage sensitive dye. The
complementary moiety for di-4-ANEPPS that
was chosen is a slightly modified bis-(1,3-
dibutylthiobarbiturate)-pentamethineoxonol
(DiSBAC (5)) dye. This dye was chosen for
its red-shifted emission[5] and absorption spec-
tra that make it a sufficient FRET partner for
di-4-ANEPPS. Cyanine dyes are another class of
dyes which have a long history of use in DNA,
RNA, and membrane staining. These dyes offer
the benefit of a highly tuneable excitation and
emission spectra by adjusting the length of their
methine chain[6]. Most commonly, cyanine dyes
have a methine chain length of 3, 5, or 7 with
their emission and excitation wavelength being
more red-shifted the longer the chain is. In this
research, a methine chain length of 5 was chosen
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as its excitation wavelength has significant over-
lap with the emission wavelength of fluorescein,
another very common fluorophore commonly
used in staining biological membranes. For our
purposes, a modified fluorescein molecule with
two attached fluorine atoms was synthesized.
The attached fluorine atoms allow for an lower
overall pKa [7], increasing the likelihood that
when membrane bound the molecule will be in
its deprotonated state which is more fluorescent.
All molecules chosen offer convenient points of
attachment for the tether when creating the final
tethered dye. When necessary, non-polar chains
were attached at these points so as to best sim-
ulate the behavior of the tethered dyes in the
membrane.
Figure 3: Potential tethered VSD components used for in-vitro testing in hemispherical lipid bilayer (HLB)
apparatus. (A) Difluorofluorescein, (B)DISBAC(5), (C)Cy-5, (D)Di-4-ANEPPS (commercially available).
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2 Materials and Methods
2.1 Synthesis
General. Chemicals were purchased from com-
mercial sources and used without further purifi-
cation. Column chromatography was performed
using TeledyneISCO CombiFlash Nextgen 300 in
conjunction with RediSep Normal-phase Silica
Flash Columns unless otherwise noted. NMR
spectra were recorded on a Varian 400 MHz
instrument at the UConn Heath Structural Biol-
ogy Facility. All spectra are referenced internally
to TMS or residual solvent signals. Full synthetic
scheme can be seen in Figure 4 below.
Synthesis of Compound 1 As described in [5].
In a two necked flask, 50 ml (152 mmol) 21% by
weight sodium ethoxide and 50 ml EtOH were
mixed and bubbled with nitrogen gas for 15 min-
utes. 5 g (26.6 mmol) 1,3-dibutylthiourea and
8.1 ml (53.2 mmol) diethyl malonate were added
to solution and refluxed with stirring at 110°C
for 48 hours. The reaction mixture was allowed
to cool and then poured into 200 ml dH2O. EtOH
in reaction mixture was removed under vacuum.
The mixture was cooled in an ice bath for 1 hour,
the precipitates that formed were then filtered
out. The filtrate was acidified with HCl until
the pH reached 2. Precipitates that formed were
extracted using 3x100 ml DCM. The organic
layer was collected and dried with sodium sul-
fate. DCM was removed under vacuum. Total
yield of 4.366 g of a pink/brown solid. 1H NMR
(400 MHz, CDCl3) δ 4.3 (t, J=8 Hz, 4H), 3.71(s,
2H), 1.64(m, J=8 Hz, 6H), 1.37 (m, J=7.2 Hz,
4H), 0.95 (t, J=7.6Hz, 6H).
Synthesis of Compound 2 As described in [8].
In a flask, 20 ml DMF and 20 ml DCM were com-
bined and cooled in an ice bath. 18.5 ml POCl3
was dissolved in 17.5 ml DCM was added drop-
wise to DCM-DMF mixture with stirring. Upon
complete addition, 5 g (51 mmol) cyclohexanone
was added. Reaction mixture was refluxed for
3 hours and then poured onto 100 g ice. This
was then left overnight after which precipitates
stopped forming. Precipitates were dried under
vacuum and crystallized with acetone cooled by
dry ice. Total yield of 5.4 g brown/yellow solid.
1H NMR (400 MHz, CD3OD) δ 7.26 (s, 1H),
7.06 (s, 1H), 2.40 (t, J=6.8 Hz, 2H), 2.32 (t,
J=6.4 Hz, 2H), 1.60 (quint, J=6.4 Hz, 2H).
Synthesis of Compound 3 As described in
[5]. In a flask, 1 g (3.8 mmol) compound 1, .313
g (1.82 mmol) compound 2, and 0.15 g (1.82
mmol) sodium acetate were dissolved in 8 ml
acetic acid. The reaction mixture was stirred
for two hours at 20°C under constant flow of N2
gas. The reaction mixture turned a blue color
approximately 45 minutes into stirring. Acetic
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acid was removed under vacuum and remaining
solid was purified on normal phase silica column
from 0:1 MeOH:DCM to 1:1 MeOH:DCM. The
fraction with a blue TLC spot was collected. Ex-
cess solvents were removed under vacuum and
remaining solid was washed with MeOH. Yield
.62 g blue solid. 1H NMR (400 MHz, CD3OD)
δ 8.6(s,1H), 7.05(s, 1H), 4.67(t, J=8.4 Hz, 2H),
4.45(m, J=8.4MHz, 6H), 2.67(d, J=20.4 Hz,
4H), 1.8(m,J=6 Hz, 4H) 1.69(s, 6H), 1.39(m, J=
6 Hz, 6H), 0.97(t, J=7.6 Hz, 12H).
Synthesis of Compound 4 As described in
[9]. Under N2 gas, 1.1744 g (9.2 mmol) 4-
fluororesorcinol was dissolved in 10 ml of acetic
acid in a pressure vessel. 1.15 g (4.6 mmol)
of 2-Methyl-1,4-benzenedicarboxylic acid and
1 ml concentrated sulfuric acid was added to
the pressure vessel. N2 was removed and the
reaction was stirred at 180°C for 36 hours.
The reaction mixture was allowed to cool and
then poured directly onto normal phase sil-
ica column. A manual was column run from
0:1 MeOH:DCM to 1:9 MeOH:DCM. This re-
sulted in impure fractions with bright fluores-
cent spots on TLC. A second column was run
on the CombiFlash up to 2:8 MeOH:DCM also
resulted in impure fractions with bright fluo-
rescent spots on TLC. A third column was run
on normal phase silica, the product was loaded
with 5:10:85 TEA:MeOH:DCM. The column
was run from 5:0:95 TEA:MeOH:DCM up to
5:10:85 TEA:MeOH:DCM. Fractions contain-
ing fluorescent TLC spots were run again under
exact same conditions to further purify fluores-
cent fractions. The final column was run on
the CombiFlash, and was loaded with 2.5:5:92.5
TEA:MeOH:DCM. The gradient used was from
0:1 MeOH:DCM to 4:6 MeOH:DCM. The pure
fractions werercollected and dried under vac-
uum. 0.51 g red solid collected. 1H NMR (400
MHz, CD3OD) δ 8.05 (s, 1H), 7.99 (dd, J=8 Hz,
1H), 7.24 (d, J=8 Hz, 1H), 6.67 (d, J=7.6 Hz,
2H), 6.61 (d, J=11.6 Hz, 2H), 2.1(s, 3H).
Synthesis of Compound 5 As described
in [1]. In a pressure vessel, .313 g (.36
mmol) compound 4, 41.43 mg (.36 mmol) N-
hydroxysuccinimide, and 74.28 mg (.36 mmol)
N,N’-Dicyclohexylcarbodiimide were dissolved
in 5 ml DMF and stirred at 20°C for 48 hours
under nitrogen gas. TLC of the reaction showed
starting material was still present in solution,
reaction mixture allowed to stir at 80°C for an
additional 1 hour. The solvents were removed
under vacuum, and a CombiFlash column was
run from 0:1 acetone:DCM to 1:1 acetone:DCM.
Yield 158 mg red solid. 1H NMR (400 MHz,
CDCl3) δ 8.02 (s, 1H), 5.3 (s, 1H), 4.59 (s, 1H),
2.97 (s, 4H), 2.0 (s, 3H),
Synthesis of Compound 6 As described in [1].
In a flask, 13 mg (.1 mmol) octylamine, 15 mg
6
(.05 mmol) compound 5, and 50 µL was dissolved
in mixture of DCM and MeOH. The reaction was
allowed to stir at 20°C for 48 hours. Solvents
were removed under vacuum and a CombiFlash
column was run from 0:1 MeOH:DCM to 2:8
MeOH:DCM. The total yield was 8 mg of red
solid. 1H NMR (400 MHz, CD3OD) δ 7.94(s,
1H), 7.88 (dd, J=8 Hz, 2H), 7.37 (d, J=8 Hz,
1H), 6.88 (d, J=7.2 Hz, 2H), 6.72 (d, J=10.8 Hz,
2H), 3.44 (t, J=7.2 Hz, 2H), 2.91 (t, J=7.6 Hz)
2.1 (s, 3H), 1.66 (m, J=6.8 Hz, 6H), 0.9 (s, 8H).
Synthesis of Compound 7 as described in [8].
In a flask, 17 ml (.16mol) 3-methyl-2-butanone
and 10 g (.053mol) 4-hydrazinobenzenesulfonic
acid were dissolved in acetic acid. Solution was
allowed to reflux for 3 hours and then cooled
to room temperature. 100 ml diethyl ether was
added to the cooled solution, pink precipitates
then formed. The reaction mix was decanted
and the precipitate was dissolved in MeOH. Sol-
vents were then removed under vacuum. Yield
14.26 g pink solid. Used in further steps without
purification. 1H NMR (400 MHz, CD3OD) 7.85
(s, 1H), 7.84 (dd, J=8 Hz, 1H), 1.39 (s, 4H).
Synthesis of Compound 8 as described in
[10],[11]. In a large flask, 7.2 g (.03mol) com-
pound 7 was stirred in methanol. A saturated
solution of potassium hydroxide in 2-propanol
was added until precipitates stopped forming.
Precipitates were then filtered and dried. Yield
2.7 g brown solid. Used without further purifica-
tion in later steps. 1H NMR (400 MHz, CD3OD)
7.85 (s, 1H), 7.84(dd, J=8 Hz, 1H), 2.32(s, 2H),
1.36 (s, 4H).
Synthesis of Compound 9 as described in
[10],[11]. In a pressure vessel, 1 g(3.6 mmol) com-
pound 8 and 0.7 g (3.6 mmol) 6-bromohexanoic
acid were mixed in 1,2-dichlorobenzene. Reac-
tion mixture was heated to 100°C and stirred
under nitrogen gas for 24 hours. The starting
materials had not completely dissolved after 24
hours, 1.16 g (3.6 mmol) tetrabutylammonium
bromide added and mixture was allowed to stir
at 110°C for an additional 24 hours. The re-
action mixture was allowed to cool and loaded
directly into CombiFlash. CombiFlash run from
0:1 MeOH:DCM to 4:6 MeOH:DCM. A second
manual column was run using normal phase sil-
ica from 0:1 MeOH:DCM to 4:6 MeOH:DCM.
Yield 140 mg brown solid. 1H NMR (400 MHz,
CD3OD) 7.6 (dd, J=8 Hz, 1H), 7.53 (d, J=2 Hz,
1H), 3.56(t, J=7.2 Hz, 2H), 2.24 (t, J= 7.2 Hz,
3H), 1.95 (s, 8H), 1.66 (m, J=7.6 Hz, 7H), 1.39
(m, J=8.4 Hz, 4H), 1.32 (t, J=7.2 Hz, 5H).
Synthesis of Compound 10 as described in
[10],[11]. In a flask, 10 mg (.03 mmol) compound
9, 4.5 mg (.015 mmol) bromomalonaldehyde di-
anil bromide, and 2.5 mg (.03 mmol) sodium
acetate were dissolved in acetic anhydride. The
solution was stirred at 110°C for 1 hour, the re-
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action mixture had turned green at this point.
CombiFlash column run from 0:1 MeOH:DCM
to 4:6 MeOH:DCM. Yield 7 mg blue solid.1H
NMR (400 MHz, CD3OD) δ 8.46 (d, J=13.6 Hz,
1H), 7.95 (s, 1H), 7.93(s, 1H), 7.45(d, J=8.4 Hz,
2H), 6.56(d, J=13.2 Hz, 1H), 4.21 (t, J=8 Hz,
2H), 2.28 (t, J=8 Hz, 4H).
Figure 4: Synthetic scheme of DISBAC(5)(3), Difluorofluorescein(6) and Cy-510 moieties
used for testing of voltage sensitivity in a two-component system.
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2.2 Spectra
In total, three chromophores (Cy-5, difluoroflu-
oroscein, and DiSBAC(5)) were synthesized for
use in two-component testing of voltage sensi-
tivity, and di-4-ANEPPS is commercially avail-
able. UV/Vis absorption spectra for each
newly synthesized molecule (Figure 5) were
recorded on a Shimadzu UV-1601PC UV/Vis
spectrophotometer and fluorescence emission
spectra were recorded on a Horiba Fluorolog
spectrofluorometer[1].
Figure 5: (A) Absorbance and emission spectra
of Cy-5 and difluorofluorescein in EtOH. (B)
Absorbance and emission spectra of DiSBAC(5)
in different solvents, di-4-ANEPPS not
included.
2.3 Hemispherical Lipid Bilayer Ap-
paratus (HLB)
As described in [1]. Figure 6A shows the setup of
the system used for the in-vitro testing voltage
sensitivity for VSDs. A MATLAB program is
able to apply a voltage as a controllable series of
stair case steps via a National Instruments PCI-
MIO-16E-4 DAQ card. More control is attained
by dividing the voltage output of the D to A con-
verter card in the PC by a factor of 20 via R1 and
R2. The synthetic bilayer has a capacitance of
approximately 1 µF, giving rise to a current that
can be measured across Ra. The shape of the
membrane potential steps was calculated as the
integration of charging current through Ra. A
Hamamatsu GaAsP PMT module (H10770PA-
40, non-cooled) with output connected first to
a Femto DLPCA-200 and finally an EGG Parc
113 (30 kHz low-pass) preamplifier before sam-
pling by the DAQ card at 200 kHz were used in
order to detect fluorescence. Fluorescence data
was further filtered in MATLAB using a Type I
Chebyshev low-pass filter with a 1 kHz cutoff fre-
quency, established by MATLAB’s filtfilt func-
tion for zero phase filtering. An experiment per-
formed on the HLB with di-4-ANEPPS is shown
in Figure 6B. The time constant for charging the
bubble in Figure 6B was found to be 1.7 ms, this
varies based on the size of the bubble from ex-
periment to experiment.
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Figure 6: (A) Setup of the HLB apparatus (not to scale) The resistance of the bubble is around 1
MΩ. Dye solution is loaded on the inside of the bubble which has a diameter 1 mm. A MATLAB
program is able to modulate the output voltage, stepper motor for monochromator, and signal
acquisition. (B) shows the averaged fluorescence from di-4-ANEPPS (n=100) and membrane
potential on the bubble. Membrane potential was calculated by integrating the current through Ra,
and inverted for comparison.[1]
3 Results
The newly synthesized Difluorofluorescein and
DISBAC(5) moieties were used in an in-vitro
two-component system with Cy-5 and di-4-
ANEPPS respectively. From two-component
in-vitro voltage sensitivity testing, it was deter-
mined that the di-4-ANEPPS/DiSBAC(5) com-
bination demonstrated 11% per 100 mv for [-200
mV,-100 mV], 2.6% for [-100 mV,0 mV], 0.3% for
[0 mV,100 mV]. The averaged voltage sensitivity
for this combination was 2% per 100 mV with a
fluorescence quantum yield of .002 (Figure 7)
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Figure 7:(A) Raw fluorescence data of two-component voltage sensitivity testing for
DiSBAC(5)/di-4-ANEPPS. Lipid was stained with 2mM DiSBAC(5) with di-4-ANEPPS in
solution on the inside of the simulated bilayer.(B) Fluorescence data of
di-4-ANEPPS/DiSBAC(5) system where DiSBAC(5) is in solution outside of the simulated
bilayer, and di-4-ANEPPS is in solution inside the simulated bilayer.
Upon two-component testing of Cy-
5/Difluorofluorescein it was found that in its
current state, the Cy-5 moiety is too soluble in
water which prevents it from being able to bind
properly to the membrane. This results in lit-
tle to no voltage sensitivity when a voltage is
applied to the synthetic bilayer.
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4 Discussion
The results of voltage sensitivity testing of
the di-4-ANEPPS/DiSBAC(5) system clearly
demonstrate that the combination of the two is
a viable FRET pair and do show a measurable
fluorescence change when the electrical potential
is changed. Despite this, 2% sensitivity is not an
improvement on previous generations of tethered
dyes which have had sensitivities of up to 150%
in the range of [-100 mv,0 mV][1]. With that
being said, the two-component system of di-4-
ANEPPS and DiSBAC(5) does warrant further
testing as this was only a preliminary study. two-
component systems, while helpful in determining
overall FRET quality of the pair and behavior of
the specific moieties in a simulated cell, do not
represent the results that would be achieved in
the true tethered system. As described in Fig-
ure 2, tethered dyes of the same primary com-
ponents are typically able to exhibit sensitivi-
ties far greater than their two-component coun-
terparts. The two-component system proved its
ability to serve as a checkpoint in the process
of making a tethered dye in the case of the Cy-
5/difluorofluorescein combination. With the ob-
servation that the Cy-5 moiety is too soluble in
water, it is clear that the structure of that partic-
ular component needs to be reevaluated before
being included in a tethered structure. These
changes will likely include the removal of the bro-
mide group at the center of the methine bridge,
removing one or both sulfonate groups, as well
as changing one of the hexanoic acid groups to
an ethyl group to lower the overall polarity of the
molecule. The proposed structure can be seen in
Figure 8.
Figure 8: Proposed changes to Cy-5 molecule to
improve behavior in voltage sensitivity testing.
5 Conclusion
In short, two different FRET pairs were tested
in this research, both exhibit overlapping spec-
tral elements which are required in order to oper-
ate as a FRET match. The two-component sys-
tem of di-4-ANEPPS/DiSBAC(5) exhibit some
voltage sensitivity which warrants further study-
ing of this combination in a tethered sys-
tem. The overall voltage sensitivity for Cy-
5/Difluorofluorescein is unclear, therefore it is
imperative to reassess the overall structure of
one or both of the structures in order to achieve
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the ideal behavior in a simulated cell. Neither
combination of fluorophores in a two-component
system is able to achieve the same or better sen-
sitivity as previous tethered dyes. This, how-
ever, was expected because it has been shown
that the efficacy of the pair can be drastically im-
proved through the incorporation of a tether be-
tween the two moieties [1]. For that reason, the
molecules tested in this research exhibit promise
for the creation of a sensitive, near-IR shifted
tethered voltage sensitive dye.
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